Cutting tests were conducted to medium carbon steel using HSS tools with cutting fluid. The experimental design used was based on response surface methodology (RSM) using a central composite design. Chips were collected at different machining conditions and thickness and microhardness measurements taken and analyzed using "DESIGN EX-PERT 7" experimental design software. Mathematical models of the responses (thickness and microhardness) as functions of the conditions (speed, feed, and depth of cut) were obtained and studied. The resultant second-order models show chip thickness increases when increasing feed and speed, while increasing depth of cut resulted in a little effect on chip thickness. Chip microhardness increases with increasing depth of cut. It also increases with increasing speed and feed up to a certain level beyond which further increases cause a drop in microhardness.
Introduction
Material removal processes are an integral part of many manufacturing processes. It is important to study the many factors influencing these operations in order to achieve better performance and economy. The chip formation process occurring during metal cutting is a complicated one, involving plastic deformation, work hardening, heat generation, and tool wear. Finding a range of cutting conditions that will give maximum efficiency can help manufacturers produce more economically.
High-speed steel (HSS) cutting tools are greatly needed in industry to machine carbon steels due to their strength and toughness properties. To optimize their use, it is essential to control and properly select the cutting conditions applied in cutting operations to obtain higher material removal rate and proper type of chip for higher machinability. Therefore, chip thickness and microhardness are considered significantly important for evaluating productivity of any cutting operation leading to the need to formulate prediction models for chip thickness and microhardness as functions of operating conditions. The use of response surface methodology (RSM) helps reduce the number of tests required to achieve a statistically sound result. RSM aims at producing a surface prediction model for multiple parameters [1] . The methodology has been used to analyze and predict shear flow stress when using HSS tools in turning of mild steel [2] . It has also been used in tool life testing and producing prediction models for tool life and material removal rates as functions of machining parameters [3] [4] [5] . Furthermore, most of the research work in turning operations using RSM or factorial designs has been directed at the analysis and prediction of surface roughness, or surface finish as a function of both machining parameters and/or use of different coated tools [6] [7] [8] [9] [10] [11] [12] . However, little work on the machining of steels has been given to the prediction of chip thickness and/or microhardness [13] .
The aim of this paper is to study the effect of varying machining parameters on chip thickness and microhardness during longitudinal turning of medium carbon steel using HSS tools and cutting fluid, in order to develop prediction models for these by using response surface methodology. The machining parameters studied are speed (v), feed (f ), and depth of cut (d). The software DESIGN EXPERT 7 was used to develop the RSM model. Results of test runs are reported, as well as the prediction models produced within a 95% confidence interval.
Work material preparation
The material used was 1055 steel (carbon percent 0.55%). Bars of 50 mm diameter and 1-meter length were used. To investigate the variation of hardness values in the sample from which deductions can be made regarding level of coring in the sample, the Rockwell hardness (HRB) of the work material was measured at different radii using the Rockwell hardness testing machine.
Five measurements at 5-7.5 mm intervals starting near the edge and moving towards the center were made. The Rockwell B scale was used at 100 Kgf load. Results showed the material to have a hardness of (HRB 91) on average (see Table 2 .1, Figure 2 .1), and that no coring existed. 
Cutting tool preparation
HSS cutting tools with 5% cobalt (M-grade SI 6) were used with specific cutting angles, such that the tools cut orthogonally. This meant a back rake angle (α b ), side rake angle (α s ), and side cutting angle (Ψ) of zero degrees, resulting in a rake angle (α) of zero degrees as well as high relief angles. The tool signature is listed below (Figure 3 .1 illustrates the tool geometry):
(i) α b : back rake angle = 0 • ; (ii) α s : side rake angle = 0
• ; (iii) ERA: end relief angle = 16
• ; (iv) SRA: side relief angle = 21.5
• ; (v) ECEA: end cutting edge angle = 23
• ; (vi) Ψ: side cutting edge angle = 0
• ; (vii) NR: nose radius = 0.25 mm.
Experimental design and testing
The experimental design used was the response surface methodology using a central composite rotatable design for 2 3 factors, with 5 central points and α = ±2. 19 tests were performed according to the experimental design matrix (5 centre points). The tests were performed at random using the run order listed in Table 4 .1. The parameters were chosen such that they take into consideration the limitations of the machine and in order to avoid excessive chatter. Each parameter was tested at different code levels of −2, −1, 0, +1, and +2, whereby each level tested conformed to an actual value equivalent to the coded value.
The machine used to perform the cutting tests was a Bulgarian SLIVEN 400 Turning Machine. The work material bars were cut in a longitudinal turning operation using cutting fluid for at least 10 minutes per test to ensure stable chip thickness measurements. Chips were collected after 10 minutes of cutting to ensure stability of chip thickness. Since cutting tests were performed with speed kept constant, variations in diameter of work piece were taken into account when selecting the RPM at which turning took place. 
Chip thickness and chip microhardness measurement
At the end of each test, the weight (M c ) and length (L c ) of 5 collected chips were measured using a calibrated weight balance and a measuring length vernier, respectively. The average chip thickness was then obtained as per [14] 
where (M c ) is the chip specimen mass in grams, (L c ) is the length of the chip sample in mm, (ρ) is the density of the work material in g/cm 3 (7.87 g/cm 3 ), (w) is the width of the chip taken as the depth of cut used in mm, and (ψ) is the primary (side) cutting edge angle. Chips were collected randomly at the end of each cutting test in order to measure the microhardness of the chip. Specimens were mounted, ground, and polished on a grinding and polishing apparatus to obtain a clean, smooth chip surface suitable for the microhardness measurement test. At least 3 measurements of microhardness were taken at the surface of different chips on the mount.
The Vickers microhardness tester was used for these measurements. With the average of these measurements, the Vickers hardness number (VHN) of these chips was calculated using (5.2) [15] . The load used on the Vickers testing machine was 5 Kgf:
2) where (P) is the load used applied for 10 seconds, and (L) is the arithmetic mean of the diagonal indentations d1 and d2 made by the indenter on the work material.
The average results of the measurements obtained are shown in Table 5 .1 for each test. Also, the typical values of M c , L c , and w for one test (run 13) are given in Table 5 .2.
Results and discussion
The average responses obtained for thickness and microhardness were used in calculating the models of the response surface per response using the least-squares method. For chip thickness prediction, a reduced cubic model in coded terms was analyzed with backwards elimination of insignificant coefficients at an exit threshold of alpha = 0.1. Some coefficients were removed and reinstated in order to preserve hierarchy and allow for obtaining a formula with actual factors rather than coded ones. The terms removed were BC, AB 2 , AB, B 2 , C, AC, C 2 , ABC, A 2 C. The terms that were reinstated were AB. This means that depth of cut had no significant effect on chip thickness values. Table 6 .1 shows analysis of variance produced by the software for the remaining terms. The model is significant at 90% confidence. It is noted that the interaction between speed and feed is insignificant while the independent effects of speed and feed as well as the interaction between squared speed and feed are also signficant. The lack of fit test indicates a good model. The final model in coded and actual terms is illustrated in Table 6.2 showing feed to have the highest impact on chip thickness. Looking at the normal probability plot (Figure 6 .1) or the chip thickness data, the residuals generally that falling on a straight line implying errors are normally distributed. Also, according to Figure 6 .2 that shows the residuals versus predicted responses for chip thickness data, it is seen that no obvious patterns or unusual structure implying models are accurate.
Similarly for microhardness measurements, a reduced cubic model in coded terms was analyzed with backwards elimination of insignificant coefficients at an exit threshold of alpha = 0.1, followed by a manual elimination of some variables in order to achieve a significant model at 95% confidence. After examination of analysis results, test 14 or run 3 (code 0, 0, 2) was ignored in the run in order to achieve a robust model and the analysis performed again. The terms removed were ABC, A 2 C, AC, AB 2 , B 2 , BC, A 2 , and AB, the terms that were reinstated were AB, and A 2 . Table 6 .3 shows that the model is significant at 95% confidence and that speed, feed, and depth of cut are significant factors but the interaction of speed with feed as well as the square of speed are not, yet squared depth of cut is. The lack of fit test indicates a good model. The final model in coded and actual terms is depicted in Table 6 .4 showing feed and squared depth of cut to have the highest impact on chip thickness. interaction is shown. It is noted that the increase in speed leads to an increase in chip thickness at feeds of 0.3 till 0.4, while at feeds of 0.45 or more increases in speed up to (33 m/s) resulted in increases in chip thickness but beyond that, the chip thickness decreases. Increases in both speed and feed resulted in increases in chip thickness, but increases of feed at lower speeds of (20 m/s) resulted in slightly lesser thickness. S. A. Alrabii and L. Y. Zumot 9 Figures 6.4-6.6 show three-dimensional graphs of microhardness as a function of speed and feed at different depth of cut levels. The first noted effect is that increases in depth of cut caused increases in microhardness levels regardless of speed or feed. This increase is more pronounced at depth of 0.5 mm (Figure 6.6 ).
These figures also reveal that increases of speed from 20 to 30 m/s at lower feed rates of 0.4 mm/s cause a slight dercrease in microhardness but beyond that they cause an increase. However, increases in speed from 20 to 30 m/s at higher feed rates of (0.5 mm/s) cause an increase in microhardness, but increases of speed beyond that to (40 m/s) cause a decrease in microhardness. 
Conclusions
Second-order equations for chip thickness and microhardness as a function of speed, feed, and depth of cut were developed at 90% and 95% confidence, respectively. The chip thickness equation shows that depth of cut has no effect on chip thickness, but that increases in speed of cut and the interaction between feed and speed of cut have the greatest impact in increasing chip thickness since higher material removal rates ensue. The microhardness equation shows that increases in depth of cut have the greatest influence in increasing microhardness of chips, while increase of speed up to 30 m/s caused either an increase in chip microhardness at higher feed rates of 0.5 mm/s, yet caused a decrease at lower feed rates of 0.3 mm/s. The opposite is true for increases beyond 30 m/s, where microhardness of resultant chips increased at lower feed rates, but decreased at higher feed rates.
